Abstract⎯In the United State, scientific research in space weather is funded by several Government Agencies including the National Science Foundation (NSF) and the National Aeronautics and Space Agency (NASA). For civilian and commercial purposes, space weather forecast is done by the Space Weather Prediction Center (SWPC) of the National Oceanic and Atmospheric Administration (NOAA). Observational data for modeling come from the network of groundbased observatories funded via various sources, as well as from the instruments on spacecraft. Numerical models used in forecast are developed in framework of individual research projects. The article provides a brief review of current state of space weather-related research and forecasting in the USA.
INTRODUCTION
At the time of this review, space weather is taking society by storm: in US, at the end of 2015, the White House Office of Science and Technology Policy (OSTP) issued two important documents (NSW Strategy, 2015 and NSW Action Plan 2015) that attempt to clarify the future of civilian space weather operations, research, and mitigation. In the U.K. "The National risk register for civil emergencies" (UK Risk Register, 2015) identified space weather as a major risk factor, potentially as impactful to their society as an extreme inland flooding event. Space weather prediction centers have been established in several countries.
The effects of solar activity on Earth (or solar-terrestrial connections) were recognized long ago, shortly after the discovery of cyclic variations in solar (sunspot) activity, when in 1852, Sabine, Wolf and Gautier independently found sunspot cycle periodicity in geomagnetic activity (for review, see Cliver, 2006) . The first recorded solar flare, observed in 1859 by Richard Carrington (and independently by Richard Hodgson) also caused the most extreme space weather event on record: aurora borealis observed as far south as Hawaii, huge variations in geomagnetic field, and geoelectric currents strong enough to cause fires in long-distance telegraph systems. The effects of solar activity on radio reception were first realized in late 1920 (Pickard, 1927; Austin, 1927) , and at the end of 1928, the first "space weather" forecasts begun with the reports of the International Union of Radio Science (Union Radio Scientifique Internationale, URSI) transmitted from the Eiffel tower. These reports, dubbed URSIgrams, forecasted conditions for radio communications and included information on so called "cosmic data" (solar activity and ionosphere). In 1929, a joint committee of the American Section of URSI and the American Geophysical Union (AGU) set up a goal to arrange for daily broadcasts of "cosmic data" by US Government radio station, and in June 1931, the US National Bureau of Standards entered into a cooperative program with URSI to supply information on the state of the ionosphere. The URSIgrams were broadcasted daily using US Navy station (NAA) at Arlington, Virginia. During the World War II, the work was extended to provide a classified weekly prediction service on radio communications and recommended communication frequencies (Snyder and Bragaw, 1986) .
After the World War II, forecast of solar activity was used by military and civilian customers (e.g., to anticipate the negative effects on radar detection systems and early navigation systems: LORAN, OMEGA (in USA) and CHAIKA, ALPHA (in USSR), and later, in support of human space exploration). In US, the first operational space weather forecasts were in 1965, from the Space Disturbance Forecast Center in Boulder, part of the Environmental Sciences Service Agency (ESSA, the forerunner of NOAA), in support of NASA's Gemini space mission. The true value of having a reliable forecast and alert system for solar and geomagnetic activity was emphasized in 1967 when a large solar flare nearly started a nuclear war after it swamped the US early warning radar system with radio noise, causing some officers to suspect Soviet jam-ming in preparation for a nuclear attack (Knipp et al., 2016) .
The economic growth combined with scientific and technical advancements of post-WW II era and rapid progress in areas of information and telecommunications (1985-present) led to development of several complex large-scale technological systems. These systems now form the supporting framework of modern society that enables its optimal economic and social functioning. Examples of such systems include navigation (e.g., Global Navigation Satellite Systems, GNSS, which include the United States' Global Positioning System, GPS and the Russian Federation's Global Orbiting Navigation Satellite System, GLONASS), telecommunication (satellite and cellular/mobile networks) and electric power distribution (electric power grids). Navigation and telecommunication also encompass air traffic, transportation (shipping and delivery route planning and tracking), oil and gas exploration, agriculture, airborne surveys, and many other areas of societal activity that at a shallow glance may be thought to be immune to negative effects of space weather. Such strong everyday dependence on global technological systems requires a reliable forecast of space weather to minimize potential losses resulting from strong solar and geomagnetic activity. Figure 1 show a timeline, when the forecast for specific area of activity was first started. The space weather effects come in the form of increased radiation levels in interplanetary space (including near Earth space environment), enhanced static charging of satellite surfaces, increase in atmospheric drag in low Earth orbit (LEO), loss of radio communications due to disturbances in Earth atmosphere, magnetosphere, and ionosphere, strong electric currents (geomagnetically induced currents, GICs), etc. Significant events related to major space weather disturbances are well-documented. Those include, for example, a premature loss of Skylab (the United States' first space station) due to higher-then-expected atmospheric drag (which was the result of enhanced level of solar activity). Strong geomagnetic storms are typically associated with solar flare and eruption activity, and on average, the level of geomagnetic activity (and hence, the atmospheric drag) is higher near the maxima and at the declining phase of sunspot activity cycle, and it is lower near sunspot minima. However, a detailed comparison (see Fig. 1 , low panel) shows a somewhat complex relationship between sunspot and geomagnetic activity. Thus, for example, the geomagnetic activity (thin light shadowed curve) near the minimum of sunspot cycle is stronger than one that could be expected for low sunspot number (thick dark shadowed curve). This enhanced geomagnetic activity can be associated with high speed solar wind streams (which are linked to areas of open magnetic field, or coronal holes on the Sun). The geomagnetic activity at the rising phase of sunspot cycle is mostly related to eruptive phenomena (flares and the coronal mass ejections), which are closely associated with sunspots and active regions.
Investigations of satellite malfunctions reveal that several satellites were lost due to electric discharge (e.g., Canadian Anik E1 and E2 communication satellites). The failure of Intelsat's Galaxy-15 spacecraft in April 2010 was also traced to solar flare activity. Figure 2 provides example of negative effects of a "great geomagnetic storm" of 13-14 March 1989 on LEO satellites. The same storm had wide spread effects on radio communications, satellite operations, and it also caused infamous blackout in Canadian province of Québec. A detailed recollection of solar and geomagnetic activity associated with this major space weather event can found in Allen et al. (1989) and Cliver (2006) .
More important, however, is that there are significant impacts from smaller "non-major" events. Some of the "lost satellites" shown in Fig. 2 are orbital debris, which may threaten functioning satellites or even the International Space Station. Planning for the avoidance maneuvers requires re-calculating the orbital parameters of these "lost satellites". Loss of satellite positions or communications capabilities could also have significant operational impacts for services that rely on GNSS or conduct operations in Earth's Polar Regions (e.g., commercial inter-continental polar flights). Socio-economic impacts of space weather events had been analyzed in several recent studies (e.g, Eastwood et al., 2017; Oughton et al., 2017; Severe …, 2008) . These studies estimate that the total economic losses from a major space weather event could run in several hundreds of millions US dollars. However, social effects of a catastrophic space weather event are hard to estimate due to global nature of these events. For example, a massive global failure of electric power grid would potentially leave large part of a continent without electricity effectively shutting down banking, electronic transactions, heating/cooling and other vital services for an extended period of time over large geographic areas. Human cost of such hypothetical event could be enormous. The realization of this growing importance of space weather effects on economic activity led to establishing the US National Space Weather Program (NSWP) in 1995. Beginning 1998, NASA, NSF, and NOAA cosponsor annual Space Weather workshops that bring together researchers, forecasters, civilian (industry) and government users to discuss issues pertinent to space weather. (ISES …, 2017) , with regional centers located in Australia (Sydney), Austria (Treffen), Belgium (Brussels), Brazil (São José dos Campos), Canada (Ottawa), China (Beijing), Czech Republic (Prague), India (New Delhi), Indonesia (Jakarta), Japan (Tokyo), Mexico (Morelia), Poland (Warsaw), Russia (Moscow), South Africa (Hermanus), South Korea (Jeju), Sweden (Lund), UK (Exeter), and USA (Boulder). In addition, the CLS warning center in France (Toulouse) is affiliated with ISES through the Regional Warning Center in Brussels, Belgium; three additional ISES-associated centers are located in China (Beijing). In the ISES structure, SWPC "plays a special role as "World Warning Agency", acting as a hub for data exchange and forecasts." (ISES …, 2017). Planetary K-index; Real Time Solar Wind from DSCOVR and ACE satellites; Satellite Environment Data; Solar Synoptic Maps from GONG magnetogram data; Station K and A Indices. "Summaries" provide detailed descriptions of overall space weather activity, and "watches, warnings, and alerts" that provide brief summaries of space weather activity, impact on technological systems, and expected scale of this impact.
FORECASTING CENTERS
To assist customers in their decision-making process, SWPC developed a set of simple space weather scales that quantify the impact of various events. Each scale is a roughly logarithmic measure of intensity of an event scaled from 1 (minor) to 5 (extreme). For example, solar radiation storms (designated by letter "S") are categorized between minor (S1) and extreme (S5). Other impact categories are radio blackouts (R) and geomagnetic storms (G). For each of the scales, SWPC provides a brief summary that explains the phenomenology of the event, its potential impact, the physical measure (in units of X-ray flux, Kp index or particle energy range) and the frequency of the events.
In addition, SWPC provides experimental data products, which currently include: Aurora -3 Day Forecast; CTIPe Total Electron Content Forecast; Geospace Equatorial and Meridional Magnetospheric Views; Geospace Global Geomagnetic Activity Plot; Geospace Ground Magnetic Perturbation Maps. Examples of some SWPC data products are shown in Fig. 3 . The forecast information is provided at the SWPC web site (Space Weather …, 2017), and selected targeted information is also distributed directly to the subscribers, which include satellite operators, shipping, banking, airline industry, communication companies, oil drilling, electric utilities, precision agriculture, surveying groups, US Department of transportation, FEMA, FAA, manned space flight, and academia. The SWPC Product Subscription Service (PSS) was initiated in January 2005, and as of the end of 2016, the total number of subscribers was approximately 50000.
SPACE WEATHER DATA FROM GROUNDBASED INSTRUMENTS
Groundbased observatories provide various data in support of space weather forecasting including full disk images of the Sun in optical, near infrared wavelengths (350-1500 nm) and radio wavelengths, Sunas-a-star high resolution spectroscopy and integrated radio-flux (e.g., 2800 MHz, commonly refer to by its wavelength as 10.7 cm), full disk line-of-sight (LOS) and vector magnetograms (taken in the photospheric and chromospheric spectral lines), helioseismic observations, and various proxies of solar activity (e.g., area/sunspot number, sunspot field strength).
Mission-critical data for forecasting come from the six-instrument GONG network (NSO Integrated . GONG network was in created in 1995, with the original goal of research in helioseismology. Each GONG station has two instruments: the Michelson interferometer and Hα filter system. The interferometer instrument takes 1K by 1K full-disk Doppler-grams (maps of line-of-sight velocity) and LOS magnetograms in Ni I λ 676.8 nm photospheric spectral line at 60 second cadence. A separate Hα imaging system takes full disk 2K by 2K images in the core of chromospheric Hα spectral line (λ 656.3 nm) also at 60 second cadence (20 second cadence from network). All GONG data are returned in near-real time and are available via the Internet. In addition to these observations, NSO/NISP provides several data products to NOAA/SPWC and USAF. Magnetic field data products include LOS full disk 10-minute average magnetograms and their variance, synoptic magnetic field maps (integer Carrington rotation and near-real time) and the coronal field extrapolation based on potential field source surface (PFSS) model. For a longer-term prediction of solar activity, NSO/NISP produces far-side helioseismic maps. These maps provide early indication of development of large sunspots and active regions on far-side of the Sun based on helioseismic derivations. Far-side helioseismic maps are produced at 12 hours cadence. The magnetograms are used by NOAA/SWPC for solar wind and geomagnetic storm forecasts (as input for WSA-ENLIL model), and by NASA/CCMC for their space weather awareness forecast. Hα images are used for solar flare detection.
The USAF SOON network provides visual measurements and imaging data to characterize the integral properties of solar active regions and their flare activity. The data include full disk Hα images, which are normally not publically available. Currently, there are three remaining SOON stations operating at Royal Australian Air Force base in Learmonth, Western Australia, Australia; Holloman Airforce Base, New Mexico, USA and Vito dei Normanni Air Station, San Vito dei Normanni, Italy.
Interactive map of existing groundbased solar, radio and neutron monitor facilities taking data in Figure 4 shows the interaction between research component of space weather and the operations. Numerical models and empirical relationships for space weather forecast are developed in the framework of individual research projects supported via grant programs mostly by NSF and NASA. Normally, these research projects aim at scientific understanding of physical processes, not specific forecast model development. The models and empirical relations used in operational space weather forecasting are often byproducts of basic research projects that have been adapted through the "research to operations" (R2O) transition process, conducted jointly by NOAA and NASA scientists. As new relationships are discovered and verified, and the numerical models mature, they can be selected for additional testing at the NASA/Goddard Space Flight Center's Community Coordinated Modeling Center (CCMC) and then recommended for transition to operations at SWPC. CCMC was created in 1998 under NSF and NASA funding specifically for space weather model comparisons and development. Current CCMC activity helps in broadening the user base for numerical modeling of solar and heliospheric phenomena, promotes developing interfaces between different models, employs scientific models for teaching purposes, and provides opportunity collaboration between modelers and additional testing of models. As one of the recent initiatives, CCMC initiated the community-wide international forum on Space Weather Modeling Capabilities Assessment. The forum aims at developing the metrics to assess the current state of space weather modeling capabilities both from the perspective of end-users (forecasters) and space weather researchers. It will also develop a process to effectively implement most recent science progress into the models used in space weather operations.
RESEARCH IN SPACE WEATHER

FUTURE DEVELOPMENTS
In the near future, the National Space Weather Strategy and accompanying Action Plan will define the development of space weather research, operations, and mitigation activities in US. These documents also emphasize that the space weather is a global challenge, which requires strong international collaboration. Such collaboration can include increasing "engagement with the international community on observation infrastructure, data sharing, numerical modeling, and scientific research", strengthening "international coordination and cooperation on space-weather products and services", and promoting "a collaborative international approach to preparedness for extreme space-weather events." Opportunities for establishing broader collaboration between international groups involved in space weather research and forecast need to be fully exploited. For example, there are discussions in the research community about the benefits of launching a spacecraft at Lagrangian L5 point (e.g., U.K. Carrington and ESA's Lagrange projects) and developing a new Solar Physics Research Integrated Network Group (SPRING) network of solar ground-based telescopes to replace ageing GONG network (Hill et al., 2014) . Given the global nature of space weather phenomena, these future projects may serve as pathfinder for developing closer international collaborations in space weather research and forecast.
